Acid attack in sewage systems may be very severe. It is caused by the growth of bacteria, which feed on H 2 S. This paper describes the damage process and how it is affected by different cement types. The use of calcium aluminate cements (CAC), is very effective in such situations as it limits the activity of the acid producing bacteria. This combined with the good acid resistance of this material is responsible for the excellent field performance of CAC concrete in sewage systems. For example, a field trial carried out in South Africa over 12 years found complete destruction of pipe sections of Portland cement concretes, while the sections in CAC concrete had relatively modest damage of the concrete surface.
The colonies of bacteria producing the acid form on the walls and crown of the pipe, which is where attack is found to be most severe. The process of formation of these colonies of bacteria is quite complex. There are several varieties of thiobacilli, which thrive at different levels of pH, Figure 2 , the acid produced by one group, creates the conditions which then favour the colonisation by a more acid loving group. Therefore a key element in the performance of materials in the field is the way in which the bacteria colonies the surface. This aspect must be taken into account in the development of laboratory tests that can correctly predict field performance.
Acid attack of Cementitious Materials
Cementitious materials are by nature alkaline, so they will react with acid media and degrade. Acid attack is a process which occurs at the surface, with relatively little penetration of the acid into the material before reaction. Because of this measures to reduce permeability, which usually improve durability are ineffective against acid attack. There is little or no advantage to be gained from the use of very low water to cement ratios, additions such as slag or form polymer concretes [3] . It is also erroneous to think that only calcium hydroxide is vulnerable to acid attack -at the very acid pHs involved all cementitious phases dissolve, except AH 3 as discussed later. However, in situations where the supply of acid is a rate determining factor, such as acid production by bacteria, the neutralisation capacity of the concrete is an important factor. The neutralisation capacity of a concrete is determined by the aggregate type and the cement type. In terms of aggregates, calcareous aggregates lead to better performance as these dissolve, neutralising the available acid. In contrast, siliceous aggregates do not dissolve, so the acid attack is concentrated on the cement paste, which dissolves and the aggregates fall out.
Regarding the cementitious component the neutralisation capacity is determined by the calcium and aluminate contents, which both have the capacity to neutralise acid. Calcium dissolves at all acid pHs: e.g. This leads to an important difference between the behaviour of Portland cements and calcium aluminate cements. Calcium aluminate cements contain less calcium, so above pH 4 will have a lower neutralisations capacity, but the insoluble alumina gel can play a protective role. Below pH 4 they realise a higher neutralisation capacity due to the dissolution of the alumina, Figure 3 . This behaviour may lead to erroneous results, when the neutralisation capacity is measured experimentally by back titration, as the aluminate reprecipitates as the pH is brought back to neutral. 
Representative laboratory testing
Given the complexity of bacteria induced acid attack, it is important to have laboratory tests that can reproduce similar conditions to those found in the field. Such a test has been developed by the group of Professor Bock at the University of Hamburg [4] . Here, samples of concrete are placed in an incubation chamber at 30°C (optimal temperature for bacterial activity). The chamber contains thiobacilli, which colonies the concrete surfaces in a natural process. To encourage the growth of bacteria, H 2 S and nutrients are also provided. Testing in this way reveals important differences between cement types. Figure 4 shows the evolution of pH on the surface of the concrete [5] under such test conditions. It is notable that, while the pH on the surface of Portland cement quickly descends to around 1, that on the surface of CAC concrete stabilises between 3 and 4. This indicates that the CAC substrate inhibits the colonisation by the bacteria, limiting the production of acid. Furthermore the stabilisation of the pH to just below 4 means that hydrous alumina gel can continue to play a protective role. This contrasting behaviour 
Field testing
The efficacy of CAC concrete under realistic conditions of bacteriogenic acid attack in sewage network is best demonstrated by performance under field conditions. In South Africa different types of pipe materials have been tested for 12 years in a test section of sewer [6] . Three concrete types were used: Portland cement with siliceous aggregate; Portland cement with calcareous aggregate and calcium aluminate cement with siliceous aggregate. Prior to the test the different concretes were tested in the laboratory in sulphuric acid solution. It was found that the performance of the Portland / calcareous and CAC / siliceous concrete was fairly similar, both being significantly better than the Portland / siliceous. However, in the sewer -where the acidic conditions are created by the colonisation of bacteria, rather than being imposed -there was little difference between the Portland / siliceous and the Portland / calcareous concretes -both degraded to an unserviceable state in the 12 years. In contrast the CAC / siliceous concrete was only modestly attacked along the water line, where the concrete was also subject to erosion. Figure 6 (a) show the Portland / siliceous section after 12 year -in places the full 60 mm thickness of the pipe has corroded through to expose the earth behind. In Figure 6 (b) the CAC / siliceous section is shown, the corrosion depth is around 10 mm maximum. 
Summary
In sewage networks acid attack is caused by bacterial reduction of H 2 S Due to the complexity of the degradation process, laboratory testing in mineral acids will not well simulate field performance. Calcium aluminate cement concrete show good resistance to attack in these situations, because: They inhibit bacterial activity. 
